Two-dimensional angle-resolved photoelectron spectroscopy is a powerful method to study the electronic structure of a crystal surface. The latest version of the angle-resolved photoelectron spectroscopy analyzer was installed at the BL6U of the UVSOR-III Synchrotron. This spectrometer consists of a hemispherical electron analyzer equipped with a mechanical deflector and a mesh electrostatic lens close to the sample to make the size of acceptance cone tunable. A constant-energy photoelectron angular distribution of the valence band dispersion cross section in the large wave number region can be efficiently obtained by applying a negative bias voltage to the sample and using a mechanical deflector. Here, the three-dimensional bulk band and the surface state dispersion mappings of Au(111) surface are presented to show the performance of the current photoelectron spectroscopy experimental station. We revisited the dual observation of bulk and surface electronic structures at this kinetic energy regime.
I. INTRODUCTION
Two-dimensional angle-resolved photoelectron spectroscopy is a powerful method to study the electronic structure of crystal surfaces. The initial state binding energy E B and the wave vector (k) can be determined from the kinetic energy and the direction of the detected photoelectron. The latest version of angle-resolved photoelectron spectroscopy (ARPES) analyzer was installed (MB Scientific AB, A-1 analyzer Lens#5) at BL6U, the linearly polarized soft x-ray beamline, of UVSOR synchrotron facility. This photoelectron spectrometer consists of a hemispherical electron analyzer with a mechanical deflector and a mesh electrostatic lens near the sample to make the acceptance cone tunable. A constant energy photoelectron angular distribution of the valence band dispersion cross section in the large k range can be efficiently obtained by applying a negative bias voltage to the sample and using the mechanical deflector. Details of the specifications are reported elsewhere [1, 2] .
Here, we report the three-dimensional band dispersion mapping of the Au(111) single crystal surface to show the performance of the current photoelectron spectroscopy end station. A clear surface state appeared at the Γ _ point, and a three-fold symmetric bulk band dispersion was observed together. Actually, the 'bulk band dispersion' appeared to be more like six-fold symmetric when compared with the theoretical Fermi surface. To investigate the dependence of surface sensitivity on kinetic energy, we measured Au 4f core level photoelectron spctra at various photon energies. The bulk Au 4f component is often used as the binding energy reference at 84.0 eV. However, the surface core-level shift component appeared much larger than the bulk component when excited with a 135.7-eV photon energy. The distribution of surface state extend to bulk and decay exponentially [3] . The topmost surface atoms having less coordination to neighboring atoms compared to the bulk crystal form an atomic-layer-thick surface film. When considering the surface electronic state, the surface reconstructed surface of the top and the second atomic layers, and the surface-core-level-shift spectral component corresponding to the top-most less-coordinated atoms, it should be noted that 'surface region' is ambiguously defined.
II. EXPERIMENTAL
The Au(111) surface was cleaned by repeating the cycle of Ar + sputtering and annealing. The cleanliness of the reconstructed �22 × √3� Au surface [4−6] was confirmed by low energy electron diffraction (LEED) and X-ray photoelectron spectroscopy (XPS). ARPES measurement was made at approximately 20 K. The surface state was maintained and observed by ARPES measurement throughout the experiment. The incident photon axis, the electric vector, the normal and Γ _ M _ directions of the sample surface, and the analyzer entrance slit were all in the horizontal plane. The incident photon axis was offset 60° from the surface normal direction. The photon energy was calibrated by using the difference of the photoelectron kinetic energies excited by the first and the second order light of monochromator. The analyzer work function, the difference between the excitation photon energy and the kinetic energy of Fermi level, was 4.45 eV. plane. Photon energy and pass energy were fixed at 90 eV and 50 eV, respectively. The kinetic energy of the photoelectron with respect to the vacuum level on the sample surface is denoted as E K . The vertical axis is the kinetic energy of photoelectron with respect to the analyzer vacuum level, E Kb . A negative voltage V b is applied to the sample. Therefore, as the bias voltage |V b | increases, Kb = K − b also increases.
III. RESULTS AND DISCUSSION

A. Valence band dispersion measurements
The horizontal axis is the wave number ( ∥ /Å −1 ) of the photoelectron whose kinetic energy is E K . θ nominal is the nominal photoelectron emission angle estimated using the position on the screen coordinates when unbiased, and θ act is the actual photoelectron emission angle relative to the surface normal direction. As explained in the previous report [1] , the distance R between the position of the photoelectron on the screen for the emission angle θ act and the normal direction (center of the screen, θ = 0) decreases with increasing bias voltage and is proportional to � K / Kb . This means that the ratio tan normal = tan act is equal to � K / Kb . Therefore, the ratio sin normal = sin act is approximately equal to � K / Kb . The wave number can be obtained using the following formula: 
The well-known Au surface state that intersects the Fermi level is observed near the Γ _ point ( ∥ = 0 ) [7] . The parabolic Au 6sp band disperse from the Fermi level down to 8 eV. Au 5d band overlaps with 6sp band. The positions of the band dispersions are symmetric with respect to the Γ _ point, but their intensities are asymmetric due to different transition matrix elements. The acceptance angle for the bias voltage of 0 V was ±16°, which corresponds to ±1.2 Å −1 . By applying a negative bias of 400 V to the sample, the detection range was extended to ±3.0 Å −1 . As the bias voltage was increased, the width of the entrance slit was kept constant (200 μm), so the photoelectron intensity gradually increased and the momentum resolution declined.
To keep the momentum resolution constant, the slit width should be narrowed accordingly. Figure 2 shows the relationship between the Fermi surface of gold and the Ewald sphere of photoelectrons. The gold Fermi surface was fitted based on Shoenberg and Roaf data [8, 9] . The Γ 000 point locates at k = 0. The reciprocal space coordinates (k x , k y , k z ) are defined using 2π/a as a unit. The gold lattice constant a is 407.9 pm. Thus, Γ 2n 00 points (n: integer) are at (2n, 0, 0) along the k x axis. The three spheres that intersect the Γ 111 , L 3 The intersection of the Fermi surface and the photoelectron Ewald sphere crossing the Γ 222 point is indicated in yellow. The thickness of the yellow region in radial direction is set to ±2% of the photoelectron wave number. Figure 3 shows a series of photon-energy-dependent Fermi surface maps (middle and bottom panels) together with corresponding simulated Fermi surface cross sections (top panels). Data using excitation photon energies between 50 eV and 120 eV are shown. The integrated energy window width was 0.25 eV. The bias voltage applied to the sample was fixed at −200 V. The Au(111) surface state at the Γ _ point was observed in the center of the screen. The surface state was observed with excitation photon energies up to 110 eV. The reason for the decrease in surface state intensity at 110 eV and 120 eV excitation photon energies is unknown, but not due to surface quality degradation. After the photon energy-dependent scan, the surface state intensity, again measured at 50 eV excitation photon energy, was the same as the first scan, indicating that the surface was not contaminated.
In Figure 3 Figure 3 (j)], respectively. These are not reproduced in the simulation and are probably due to photoelectron scattering at the surface. The observed pattern is more six-fold symmetric. However, a three-fold symmetric feature is expected in the second adjacent Brillouin zone. This is also probably due to photoelectron Umklapp scattering at the surface.
Isoenergetic plane measurements of the valence band provide a lot of important information about the electronic structure [10−13] . One can not notice such a phenomenon just by measuring the band dispersion on a high symmetry plane.
Hengsberger et al. have analytically studied a bias-dependent photoelectron trajectory for a more general cases with the sample tilt rotation geometry [14] . In our case, the flat sample surface is exactly parallel to the mesh. In addition, the applied bias voltage is large enough that the work function difference between the sample and the analyzer is negligible. The measured Fermi surface profile shown in Figure 3 was converted to k space based on Eq. (1) with a deformation less than 0.01 Å −1 .
B. Core level measurements
To investigate the dependence of surface sensitivity on kinetic energy, we measured Au 4f core level spectra at various photon energies as shown in Figure 4 . No bias voltage was applied to the sample for the core-level photoelectron spectroscopy measurements. The spectral intensity was normalized by the Au 4f 7/2 bulk component at the binding energy of 84.0 eV. Surface-core-level-shifted components appeared at the lower side of the bulk Au 4f 7/2 and Au 4f 5/2 peaks. Figure 5(a, b) illustrates the surface core level shift mechanism when the valence band occupancy is more or less than half. The core level of the surface shifts due to the narrowing of the surface band and matching of the Fermi level. For gold, the 5d valence band is completely filled. Therefore, a surface core level shift to lower binding energy is expected. Figure 5(c, d) shows Au 4f core level photoelectron spectra excited with photon energies of 135.7 eV and 468.1 eV. The bulk Au 4f component is often used as the binding energy reference at 84.0 eV. The surface component was observed to be 0.32 eV lower than the bulk component. Note that when excited with the 135.7-eV photon energy, the surface sensitivity increases, so the surface-core-level-shift component appears much larger than the bulk component.
At the emission angle θ from the surface normal, the inelastic mean free path λ projected on the z axis, λ * , decreases by the factor cos . To be precise, if cos is used for measurements around the emission direction θ for the window width ±Δ, the actual λ * is overestimated. The overestimation correction factor is cos when θ is greater than Δ. In the case of the spectra shown in Figure 4 , Δ was about 10°. The overestimation correction factor 98.5% is included in the following analysis. Empirical estimates of the inelastic mean free paths of 47.3-eV and 379.7-eV photoelectron kinetic energies excited by 135.7-eV and 468.1-eV photon energies are 0.505 Å and 0.645 Å, respectively [15] . Based on these values, the thickness of the surface-core-level-shift component is estimated to be 2.3 and 0.43 atomic layers, respectively. For excitation photon energies from 196.0 eV to 316.8 eV, the estimated thickness was 0.83 to 0.69 atomic layers and gradually decreased down to 0.35 at 559.1 eV, as shown in Figure 6 . This value, surface thickness, should essentially not depend on the excitation photon energy. In the case of the 468.1-eV excitation, the large bulk component might be fitted together as one with smaller surface component partially and resulted underestimation of surface to bulk intensity ratio. The area of surface component peak was 17% of the area of bulk component peak. On the other hand, in the case of the 135.7-eV excitation, the area of bulk component peak was 53% of the area of surface component peak, thus the overestimation of surface to bulk intensity ratio should be not significant. The surface sensitivity enhancement in the former case of the 135.7-eV excitation is unexpectedly large. One possible explanation is that the transition to the conduction band affects the yield of photoelectrons when the kinetic energy of the photoelectrons is low. The electron excited to the conduction band is trapped within solid, while the rest of electron can escape to vacuum [16] . The width of conduction band as well as valence band is narrowed at the surface compared to those of the bulk. The transition to the conduction band in the case of surface is relatively lowered compared to that of the bulk case. This is the possible reason for such transition probability enhancement for the surface at the low kinetic energy regime resulting the overestimation of the surface thickness.
IV. CONCLUSION
The latest version of acceptance-cone-tunable ARPES measurement system has been installed at BL6U, UVSOR-III. We derived a useful empirical formula for the conversion of the nominal emission angle of the photoelectrons to the actual wavenumber when using an acceptance-cone-tunable mesh lens to expand the detection reciprocal space. The performance of the current photoelectron spectroscopy end station was demonstrated by introducing three-dimensional band dispersion mapping of Au single crystal. A clear surface state and bulk band dispersion were observed. In addition, we found photoelectron patterns which were not reproduced in the simulation. These are probably replicas due to Umklapp scattering at the surface. Detailed band dispersion mapping in four-dimensional space (E B , k) is important to characterize additional final state effects and identify the intrinsic electronic state in initial state. We also measured the photon energy dependence of the Au 4f core level peak. When excited with a photon energy of 135.7 eV, the surface-core-level-shift component appeared much larger than the bulk component. A possible reason for this surface sensitivity enhancement in the low kinetic energy region is the narrowing of conduction and valence band width.
